An amperometric horseradish peroxidase (HRP) inhibition biosensor has been substantially constructed by the help of N,N-dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS). The preparation steps and the biosensor response to phenylhydrazine were monitored by electrochemical impedance spectroscopy (EIS), cyclic voltammetry, and chronoamperometry. The proposed biosensor could be applied to determine phenylhydrazine in a 0.10 M phosphate buffer solution containing 1.2 mM hydroquinone and 0.50 mM H2O2 by phenylhydrazine, inhibiting the catalytic activity of the HRP enzyme in the reduction of H2O2. The system was optimized to realize a reliable determination of phenylhydrazine in the range of 2.5 ¥ 10 -7 to 1.1 ¥ 10 -6 M with a detection limit of 8.2 ¥ 10 -8 M and a correlation coefficient of 0.999. The modified electrode displayed good reproducibility, sensitivity and stability for the determination of phenylhydrazine.
Introduction
Phenylhydrazine, is not only a very important pollution index, but also a highly toxic substance, since it produces toxic effects in environmental water, and air, even at very low concentrations. Consequently, its determination is of special interest all over the world. 1 At present, several methods developed for phenylhydrazine are based on chromatographic methods, such as gas chromatography, 2 ion chromatography, spectrophotometry 3, 4 and titrimetry. 5, 6 The chromatographic methods exhibited good detection limits, but require a expensive equipment, advanced technical support and a pretreatment process. Some serious disadvantages, like low specificity, time-consuming diffusion and measurement steps, existed in some methods. 7 Hence, the development of a quick, efficient, sensitive, and low cost method for phenylhydrazine is still important.
During the last 10 years, biosensors have been applied as useful monitoring devices in environmental analysis owing to the advantages they possess, such as minimizing the sample pretreatment, reducing the cost and time of analysis, and displaying sufficient sensitivity and selectivity. 8 Among various biosensors, recent attention has turned towards inhibition-based enzyme sensors to determine the concentration of inhibitors in an assayed sample by measuring the inhibition degree with lower detection limits. Zhao et al. have demonstrated the feasibility of quantitatively detecting cyanide, thiourea and sulfide through their inhibition effect on an enzyme electrode that utilized colloidal gold-immobilized horseradish peroxidase (HRP). 9 Another study involving an inhibitor biosensor utilizing tyrosinase for azide determination was also reported. 10 These studies have without doubt indicated that inhibitor biosensors could significantly broaden the possible applications of biosensors and offer alternative methods for toxic substance determination.
In the present work, an inhibitor biosensor, based on the immobilization of HRP onto an Au electrode by using DCC/NHS activators, was constructed for determining phenylhydrazine. The measurement was performed with phenylhydrazine inhibiting the catalytic activity of HRP enzyme to reduce H2O2. Hydroquinone was used as an electron mediator in the determination process. The decrement of the reduction current was proportional to the concentration of phenylhydrazine in solution.
The experimental conditions for determining phenylhydrazine were optimized. The obtained results indicated that the supposed inhibition sensor displayed a satisfactory analytical response for phenylhydrazine.
Materials and Methods

Reagents and apparatus
Horseradish peroxidase (HRP, 250 U mg -1 ) was purchased from Shanghai Biochemical Reagents (Shanghai, China); phenylhydrazinium chloride, 3-mercaptosuccinic acid (MSA), N,N-dicyclohexylcarbodiimide (DCC), N-hydroxy-succinimide (NHS) and hydrogen peroxide (30%, v/v aqueous solution) were supplied by Shanghai Chemical Reagents (Shanghai, China). All other chemicals used, such as hydroquinone, etc. were of analytical-reagent grade and were used as received without further purification.
A 0.10 M phosphate buffer solution (PBS) was prepared by mixing stock solutions of Na2HPO4 and NaH2PO4. A stock solution of H2O2 was prepared by diluting a 30% H2O2 solution and its accurate concentration was determined by titration with a potassium permanganate solution. All aqueous solutions were 896 ANALYTICAL SCIENCES JULY 2008, VOL. 24 prepared with triply distilled water from an all-quartz still. Prior to experiments, solutions were purged with nitrogen for 15 min to remove oxygen. The measurements were performed at room temperature.
Electrochemical measurements were carried out on a CHI660A electrochemical workstation (CHI Instruments, Chenhua Corp., Shanghai, China). A conventional threeelectrode system was employed with a bare electrode or a modified electrode (3. 
Preparation of the enzyme electrode
The Au electrode was polished using aqueous slurries of alumina, sonicated in water for 5 min, and then cleaned electrochemically by cyclic voltammetry in 0.50 M sulfuric acid between 0.0 and +1.5 V until reproducible voltammograms were observed.
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The cleaned Au electrode was immersed into a deaerated solution containing a 20 mM MSA aqueous solution for 12 h to form a MSA/Au electrode, and was then activated in 0.10 M PBS, pH 5.5 containing 0.002 M DCC and 0.005 M NHS for 2 h. It was at last rinsed with the same PBS, and immediately placed in 0.10 M PBS, pH 6.8 containing 1.5 mg mL -1 HRP for 4 h to fabricate a HRP/DCC-NHS/MSA/Au electrode, washed with triply distilled water and stored in 0.10 M PBS (pH 6.8) at 4˚C for use.
Results and Discussion
Characterization of the enzyme electrode
EIS is one of the most powerful electroanalytical techniques frequently used in studying electron transfer kinetics, 12, 13 and is an excellent technique compared with other electroanalytical methods because of the small sinusoidal that are used, as opposed to the wide potential window used in cyclic voltammetry.
14,15 (Fig. 1a) increased in contrast to that of a bare Au electrode (inset in Fig. 1 ) due to MSA thin films taking some sites of the Au surface. A further increase of Ret (Fig. 1b) was observed for the DCC-NHS/MSA/Au electrode, which may be explained by saying that the DCC-NHS strongly bound to the MSA monolayer. At last, with the assembly of HRP on the DCC-NHS film, the Ret increased again (Fig. 1c) , indicating that HRP had been successfully immobilized, and blocked electron exchange between the redox probe and the electrode surface.
Electrochemical properties of the enzyme electrode
It was reported that proteins (enzymes) containing the heme, such as cytochrome c, hemoglobin, horseradish peroxidase and Mb, had the ability to catalyze the reduction of H2O2. [16] [17] [18] [19] The electrochemical response to H2O2 using protein-modified electrodes was a basis to evaluate the electron-transfer characteristics of the obtained biosensors. Figure 2 shows CV curves of an enzyme-modified electrode in 0.10 M PBS (pH 6.8) containing 1.2 mM hydroquinone without H2O2 (curve a) and with 0.50 mM H2O2 (curve b). The oxidation and reduction signals of hydroquinone could be observed on cyclic voltammograms without H2O2. Upon the addition of 0.50 mM H2O2 to PBS, an increase in the reduction current and a decrease in the oxidation current displayed an obvious electrochemical response of immobilized HRP to H2O2. These phenomena may be because of effective electrical communication between hydroquinone and the electrode existed, and an efficient interaction between the electron mediator and the HRP redox site took placed. The rate of electrocatalyzed behavior was controlled by a biocatalyzed transformation at the enzyme redox center. Figure 2c shows a CV curve recorded in a system containing 0.10 mol L -1 PBS (pH 6.8), 1.2 mM hydroquinone, 0.50 mM H2O2 and adding 1.0 ¥ 10 -6 M phenylhydrazine. After phenylhydrazine was added into the system, the reduction current of hydroquinone decreased. This result indicated that the existence of phenylhydrazine could inhibit the catalytic activity of the HRP enzyme. This result could be explained by saying that phenylhydrazine was able to block active sites of the heme group in HRP, resulting in a severe inactivation of HRP immobilized on a Au electrode and a decrement of the reduction current.
For characterizing the inhibition capability of phenylhydrazine, the percent of inhibition (I%) was used to judge the effect of different concentrations of phenylhydrazine on the catalytic activity of the HRP enzyme to reduce H2O2. The percent of inhibition (I%) due to selected levels of phenylhydrazine was calculated using the following relationship:
Where I0 is a steady-state current after adding a final concentration of 0.50 mM H2O2 into a stirred PBS (pH 6.8) containing 1.2 mM hydroquinone as the electron mediator, I1 is also the steady-state current that was obtained after different concentrations of phenylhydrazine were added in succession to the above mentioned solution. It was observed that the decrement of the hydroquinone reduction current was proportional to the final concentration of the inhibitor in the solution.
Optimization of experimental conditions
The mediator concentration is a factor that affects the response of the biosensor. Figure 3 shows that the response of the enzyme electrode increased sharply as the concentration of hydroquinone increased, and reached a saturation value at 1.2 mM. A further increase of the hydroquinone concentration did not change the response current significantly. Such a behavior is typical of a mediator-based sensor. 21 When the hydroquinone concentration was too low, it would lead to the formation of a weak electrochemical response to H2O2. However, a higher background was yielded at a too high concentration of hydroquinone. Therefore, 1.2 mM hydroquinone was considered to be a suitable medium concentration for enhancing electron transfer between the HRP and the electrode.
The effect of the applied potential on the steady-state current of the enzyme electrode was explored in the presence of 0.50 mM H2O2 and 1.2 mM hydroquinone in 0.10 M PBS (pH 6.8).
The result indicated that with the applied potential decreasing from -25 to -150 mV, the steady state current increased due to an increasing driving force for the fast reduction of H2O2. A further increase of the negative potential produced a very small change in the current response. To avoid or decrease the interference caused by some electroactive species, and to make the background current and noise levels reach their lowest values, a potential of -100 mV was selected as the applied potential for amperometric measurements.
The influence of the pH on the inhibition of phenylhydrazine to the enzyme electrode was examined over the range of 5.0 -8.5 in PBS containing 0.50 mM H2O2, 1.2 mM hydroquinone and 1.0 ¥ 10 -6 M phenylhydrazine (not shown). The maximum inhibitory effect of phenylhydrazine was obtained at pH 6.8. The percent of inhibition decreased above pH 7.0, and the biosensor response was just about 50% of its initial activity below pH 6.0. This variation could be ascribed to the following reason: the enzyme could denature at a pH of less than 4.0, or more than 7.3, 22 and would retain its maximum activity and catalysis efficiency at the optimum pH of 6.0 -7.0. 23 The Tris and acetate buffer system were, respectively, used in examining the inhibiting capability of phenylhydrazine. The obtained experiment data showed that the best response was obtained using a 0.10 M phosphate buffer solution. Therefore, the 0.10 M (pH 6.8) PBS was chosen for amperometric measurements in our experiments.
The effect of the H2O2 concentration on the inhibitory influence of phenylhydrazine to the enzyme electrode was examined. As shown in Table 1 , the detection limit of phenylhydrazine improved with increasing the H2O2 concentration. However, if the concentration of H2O2 was too high, it would cause all active centers to be occupied by H2O2 and insensible to the inhibitor. When the concentration of H2O2 was lower than 0.25 mM, the electrochemical response generated by the enzyme electrode was so weak that the determination of phenylhydrazine was hardly feasible. Thus, 0.50 mM H2O2 was considered to be a suitable substrate concentration for a phenylhydrazine amperometric measurement.
Calibration of the enzyme electrode for phenylhydrazine
The time-dependent response of the HRP-modified electrode under the optimal conditions was examined. As shown in Fig. 4 , the left part of the response of the curve showed that the reduction peak current increased quickly and reached a steadystate value within 2 s as 0.50 mM H2O2 was added. The right part shows the current decrease due to the successive addition of phenylhydrazine into a solution, which was proportional to the final concentration of the inhibitor. This relation could be applied for the determination of phenylhydrazine, based on the inhibition degree of phenylhydrazine to HRP.
A typical calibration curve covering a range of concentrations of phenylhydrazine is shown in Fig. 5 . The concentration of phenylhydrazine changed from 2.5 ¥ 10 -7 to 1.1 ¥ 10 -6 M, resulting in variety of inhibition from 9.8 to 99.6%, the slope of the calibration curve was 8.85 (% mM -1 ) (n = 13) with a detection limit of 8.2 ¥ 10 -8 M. Considering the error of the measurement, a 5% inhibition degree was regarded as a standard to determine the detection limit. Further experiments showed that after contacting to a phenylhydrazine solution, the enzyme activity could be recovered to 90 -98% of its original value by simply rinsing with PB. It took only about 150 s. This behavior suggested that the inhibition of phenylhydrazine to HRP was reversible, and made it possible to use the continuousmeasurement methodology for a phenylhydrazine assay.
Selectivity and analyses of the H2O2 biosensor
The influences of several possible coexisting species in samples on the determination of phenylhydrazine were explored under the optimal conditions. From the result shown in Fig. 6 , it is obvious that compared with the inhibition of phenylhydrazine (1.0 mM), these species, such as 20 mM citrate, 20 mM chloride, 20 mM carbolate and 20 mM sulfate could not interfere significantly, except for 5 mM dichromate and 5 mM sulfide, which also inhibited the activity of HRP. The stability of the biosensor was acceptable with no decrease of the response after 4 days of storage at 4˚C. At the end of the 16th day, the biosensor maintained 90.3% of its initial activity. However, because of a physical destruction of the bioactive layer contained enzyme, the biosensor was not suitable to determine phenylhydrazine after 16 days. These results represented better performance than expected from an inhibitor biosensor.
To apply this biosensor to test phenylhydrazine in environmental samples, a certain amount of phenylhydrazine was added into tap water, and was tested by this sensor. The results are given in Table 2 . The recoveries of the biosensor were in the range of 97.9 to 102.6%, which indicated that the proposed inhibitor biosensor could be applied to determine phenylhydrazine in real samples.
Conclusions
A simple and effective biosensor to determine a highly toxic chemical compound, phenylhydrazine, was constructed with phenylhydrazine inhibiting the catalytic activity of the HRP enzyme to reduce H2O2. It has good analytical properties, such as a fast response, long-time stability and a good detection range. The proposed biosensor could be successfully applied for the determination of phenylhydrazine in real samples. 
